The acoustic change complex (ACC) is a scalprecorded cortical evoked potential complex generated in response to changes (e.g., frequency, amplitude) in an auditory stimulus. The ACC has been well studied in humans, but to our knowledge, no animal model has been evaluated. In particular, it was not known whether the ACC could be recorded under the conditions of sedation that likely would be necessary for recordings from animals. For that reason, we tested the feasibility of recording ACC from sedated cats in response to changes of frequency and amplitude of pure-tone stimuli. Cats were sedated with ketamine and acepromazine, and subdermal needle electrodes were used to record electroencephalographic (EEG) activity. Tones were presented from a small loudspeaker located near the right ear. Continuous tones alternated at 500-ms intervals between two frequencies or two levels. Neurometric functions were created by recording neural response amplitudes while systematically varying the magnitude of steps in frequency centered in octave frequency around 2, 4, 8, and 16 kHz, all at 75 dB SPL, or in decibel level around 75 dB SPL tested at 4 and 8 kHz. The ACC could be recorded readily under this ketamine/ azepromazine sedation. In contrast, ACC could not be recorded reliably under any level of isoflurane anesthesia that was tested. The minimum frequency (expressed as Weber fractions (df/f)) or level steps (expressed in dB) needed to elicit ACC fell in the range of previous thresholds reported in animal psychophysical tests of discrimination. The success in recording ACC in sedated animals suggests that the ACC will be a useful tool for evaluation of other aspects of auditory acuity in normal hearing and, presumably, in electrical cochlear stimulation, especially for novel stimulation modes that are not yet feasible in humans.
INTRODUCTION
The acoustic change complex (ACC) is a cortical evoked potential complex generated in response to changes (e.g., frequency, amplitude) in an auditory stimulus (Martin and Boothroyd, 1999) and is believed to show sensitivity comparable to perceptual difference limens (Martin et al., 2010) . The ACC is characterized in humans by a P1-N1-P2 complex that grows in amplitude in proportion to the magnitude of the acoustic change. The ACC has been recorded in normal-hearing subjects (Arlinger et al., 1976; Kohn et al., 1978; Tietze and Afontshenko, 1978; Yingling and Nethercut, 1983; Martin and Boothroyd, 2000; and Small, 2015) , in hearing-impaired subjects (Arlinger and Jerlvall, 1979; Martinez et al., 2013) , and in cochlear implant users (Martin, 2007; Brown et al., 2008; Han and Dimitrijevic, 2015; Scheperle and Abbas, 2015) . A key feature of the ACC is that it can be recorded from subjects that are exposed passively to the stimuli, thus reducing the effect of cognitive factors on the waveform and reducing the need for cooperation from the subject.
The ACC bears some similarity to the mismatch negativity (MMN), which is a scalp-recorded potential that has been described in humans (Näätänen et al., 1978) and animals (Nelken and Ulanovsky, 2007) . The MMN is computed as the response to a test stimulus when it is presented at low probability (an Boddball^) in a context of presentations of a standard sound compared to when the same test stimulus is presented at high probability. In contrast, the ACC is measured directly as a response to a change in an ongoing stimulus, potentially between two equal-probability sounds (Martin et al., 2010) . The ACC is favorable for some applications because it has higher amplitude and greater test-retest reliability than MMN. In particular, the ACC lends itself to experimental designs that employ parallel electrophysiological and psychophysical discrimination of paired stimuli. Indeed, recent findings (Dimitrijevic et al., 2011; He et al., 2012) have shown that thresholds for the ACC tend to approximate thresholds for psychoacoustic measurements (i.e., frequency and intensity discrimination, speech scores), suggesting that the ACC might be used as a surrogate for time-consuming psychophysical tasks.
In principle, the ACC would seem to be a useful tool for study of auditory function in experimental animals. For instance, it could be used as a way to track ongoing responses to experimental manipulations of auditory experience or as a minimally invasive objective measurement of the performance of novel modes of prosthetic stimulation that are not yet feasible in humans (Middlebrooks and Snyder, 2007 . A potential difficulty for ACC recording in an animal model, however, is that the animal likely would need to be sedated to eliminate movement artifacts and aversive responses to insertion of subdermal electrodes. That is a concern because some types of auditory-evoked potentials have been shown to be suppressed or eliminated in certain anesthetic conditions (Thornton et al., 1983; Savoia et al., 1988; Haenggi et al., 2004) .
The purpose of the current study was to evaluate the ACC under conditions of light sedation. We tested simple acoustic contrasts: abrupt changes in the frequency or level of pure tones. We found that a robust ACC could be recorded in cats under light sedation with ketamine and acepromazine, although the ACC was abolished under surgical levels of anesthesia with isoflurane. Moreover, threshold frequency and level steps measured for eliciting the ACC fell in the range of thresholds reported from previous cat psychophysical studies (Butler et al., 1957; Elliott et al., 1960; Igarashi et al., 1979b; Hienz et al., 1993; Brown et al., 2004) , again suggesting that ACC could augment or take the place of challenging animal psychophysical training.
MATERIALS AND METHODS

Animals
All procedures were in accordance with the NIH Animal Welfare Guidelines and with a protocol approved by the Institutional Animal Care and Use Committee at the University of California at Irvine. Five domestic shorthairs (Felis catus) (four females, one male) were obtained from a research breeding colony at the University of California at Davis. No hearing deficits were evident. Ages ranged from 1 to 6 years.
Anesthesia
In each session, a light level of anesthesia was induced with an intramuscular injection of ketamine (20 mg/ kg) and acepromazine (1 mg/kg); this was a level at which limb-withdrawal or eye-blink reflexes were present but in which there are no spontaneous movements. A second, occasionally a third, injection of ketamine alone was used during the experiment to maintain the sedation at the stable level. In separate experimental sessions, two of the cats were tested with isoflurane anesthesia alone, inhaled at 1.5 and 2 % in oxygen; concentrations lower than 1.5 % did not produce adequate sedation.
Stimulus Generation
Stimulus generation and data acquisition used System III hardware from Tucker-Davis Technologies (TDT; Alachua, FL) controlled by custom MATLAB software (The Mathworks; Natick, MA) on a Windows-based computer. Sounds were generated with 24-bit precision at a sample rate of 97,656 Hz. All the auditory stimuli were presented at a sound-field level of 75 dB SPL (or in controlled steps around that level) through a speaker (TDT MF1) that was placed~20 cm to the right of the cat's head. The speaker was calibrated in the absence of the cat using a precision ½″ microphone (ACO Pacific) placed at the location occupied by the cat's right ear during the experiment; the calibration was used to equalize tone levels across frequencies at known sound pressure levels re 20 μPa (i.e., re 0 dB SPL).
Electroencephalography
Scalp potentials were recorded using TDT hardware with clinical subdermal electrodes. There were two active electrodes, one on each hemisphere, a reference on the mastoid ipsilateral to the stimulus, and a ground on the back of the cat. The sampling frequency was 24,414 Hz. A digital high-pass filter (corner frequency at 1 Hz) was applied online to remove DC voltage and undesired low-frequency fluctuations. Then, the signal was down-sampled in real time to 3052 Hz and stored. Three hundred and one sweeps, lasting a total of 301 s, were collected for each pair of frequencies and levels, where each 1-s Bsweep^contained one downward and one upward step of frequency or sound level. There was only one onset and one offset for each 301-s sequence of sweeps.
Stimulus Conditions
Tones were presented continuously in an alternating pattern following the steps described by Martin et al. (2010) . The tone frequency or level was held at one value for 500 ms, then stepped downward with a 3-ms ramp and held at a lower value for 500 ms, then stepped upward with a ramp and held for 500 ms, and so on continuously for an overall duration of 301 s for each pair of frequencies or levels. For the frequency discrimination, the frequency steps were spaced in steps centered logarithmically (i.e., in fractional octaves) around one of four different frequencies, 2, 4, 8, and 16 kHz, all at a level of 75 dB SPL. For the level discrimination, level steps were spaced in decibels around 75 dB SPL at 4 or 8 kHz. Tables 1 and 2 show the stimulus-value pairs used for the frequency and the level discriminations, respectively; for comparison, a musical semitone is 0.0833 oct. The 0-oct and 0-dB Bsteps^were sounds having constant frequency or level used as the baseline. The order of the pairs being presented was randomized to minimize possible effects of gradual drift in anesthesia level. In a few situations (3.8 % of the total conditions tested) in which the anesthetic started to wear off near the end of a condition, an additional dose of anesthetic was administered and then that condition was repeated. In those situations, the set of recordings for those specific conditions were analyzed and the one that best fit the pattern of the other pairs tested was chosen. In each of those cases, that turned out to be the condition with the maximum peakto-peak amplitude response. An additional 301 sweeps, with 500-ms silent inter-stimulus intervals, were collected to measure the onset response for all the center frequencies tested for the ACC at 75 dB SPL.
Data Analysis
Electroencephalography (EEG) data were analyzed offline using custom MATLAB software. An infinite impulse response notch filter was first applied to each waveform to remove 60 Hz and its harmonics, and then, a fourth-order, zero-phase shift, band-pass Butterworth filter (1-30 Hz) was applied. The first sweep was removed from the analysis of each condition to eliminate responses to the stimulus onset, and the final computations were conducted on the remaining 300 sweeps. Two temporal epochs from each sweep were analyzed independently: the descending ACC (D-ACC) epoch from 10 to 100 ms relative to the downward stimulus step and the ascending ACC (A-ACC) from 510 to 600 ms relative to the downward step (i.e., 10 to 100 ms relative to the upward step). Two main analyses were carried out on waveforms in the D-ACC and A-ACC epochs. In the first one, the average of the 300 sweeps was calculated and the amplitudes were extracted for the first major positive peak occurring after 20 ms from the stimulus step in D-ACC and A-ACC epochs (named P1 and P1′, respectively) and for the first major negative peak occurring after 50 ms from the stimulus step for D-ACC and A-ACC (named N1 and N1′, respectively). The extraction of amplitude and latency of the peaks was automated; visual inspection of example waveforms confirmed the accuracy of the automatic procedure. The differences between these two amplitudes (P1 − N1 and P1′ − N1′) were used as a measurement of the magnitude of ACCs in the D-ACC and A-ACC epochs.
The second analysis consisted of a receiver-operatingcharacteristic (ROC) analysis of sweep-by-sweep values of P1-N1 and P1′-N1′ (Green and Swets, 1966; Macmillan and Creelman, 2005) . The ROC analysis was chosen because it incorporates both the mean and the sweep-by-sweep variation in responses and because it yields a dimensionless index of sensitivity, d′, that can be compared with psychophysical results. For that analysis of each stimulus condition, 500 bootstrap samples of peak-to-peak amplitudes were collected, each sample consisting of the mean of 50 random draws with replacement (Efron and Tibshirani, 1991). The 500 samples for a particular stimulus step and the 500 samples for the no-step baseline condition were used to form an empirical ROC curve. The area under the curve gave the proportion of correct discriminations of a particular stimulus step vs baseline. That proportion was expressed as a z-score and then multiplied by √2 to give d′. In instances in which the proportion correct was 0.0 or 1.0 (and the z-score would be undefined), the proportion was changed to 1/2N or 1-1/2N, respectively, for N = 500 (Macmillan and Kaplan, 1985) . Given that adjustment, the minimum and maximum possible values of d′ were ± 4.37.
Statistical Analysis
Statistical tests used non-parametric procedures in SPSS (IBM SPSS Statistics, Armonk, NY). Generally, comparisons of pairs of stimulus or recording conditions were made across N = 5 cats. Whenever appropriate, the false discovery rate procedure (Benjamini and Hochberg, 1995) was applied to control for multiple comparisons.
RESULTS
Frequency Discrimination
Grand averages of waveforms across all five cats are shown in Fig. 1 for all the frequency steps around all the center frequencies, and responses from individual cats are displayed in Fig. 2 . In most conditions, a downward frequency step (at time 0) elicited a P1-N1 complex in the D-ACC epoch, and an upward frequency step (at time 500 ms) elicited a P1′-N1′ complex in the A-ACC epoch. In the figures, the time origin at 0 ms refers to a frequency step in a continuously repeating sound, not to the onset of a sound. In some occasions, we observed a prominent positive peak following N1 or N1′; however, this late peak was lower in amplitude than the P1-N1 and P1′-N1′ complexes and often was not even clearly visible. For that reason, we restrict the analysis to P1 and N1 and to P1′ and N1′ and omit the late peak from our analysis.
Inspection of the waveforms from individual cats (Fig. 2) shows considerable variation among animals. For instance, the contralateral responses to 4 kHz were stronger in the D-ACC epoch in three cats (A01, C02, M03), were stronger in the A-ACC epoch in cat O04, and were quite weak in both epochs in cat T05. The ipsilateral response to 4 kHz shows robust responses in both D-ACC and A-ACC epochs in cat O04 and relatively small responses in the other cats.
In most conditions, the magnitude of the ACC was equal to or greater in the hemisphere contralateral to the side of the stimulus than in the ipsilateral hemisphere. Specifically, the magnitudes of the A-ACC at 2, 4, and 8 kHz in the contralateral hemisphere were significantly higher than the corresponding responses in the ipsilateral hemisphere (Wilcoxon signed-rank test, p values = 2.4 * 10 −5 , 0.022, and 2.4 * 10 −5 for 2, 4, and 8 kHz, respectively, after correcting for multiple comparisons), while the magnitudes of the D-ACC at 8 kHz in the ipsilateral hemisphere were significantly higher than the corresponding responses in the contralateral hemisphere (Wilcoxon signed-rank test, p = 1.8 * 10 −6 after correcting for multiple comparisons); none of the other comparisons was significant (p = 0.36, 0.15, and 0.93 for 2, 4, and 16 kHz of the D-ACC and p = 0.093 for 16 kHz of the A-ACC). Also, the amplitudes of responses to downward and upward frequency steps tended to differ. In this data set, responses to 2-kHz center frequencies were significantly stronger for upward steps in both the ipsilateral and contralateral hemispheres (Wilcoxon signed-rank test, p values = 0.0036 and 0.00095 for the ipsilateral and contralateral hemispheres, respectively, after correcting for multiple comparisons), whereas responses at 8-kHz center frequencies were significantly stronger for upward sweeps only in the contralateral hemisphere (Wilcoxon signed-rank test, p = 0.000012 after correcting for multiple comparisons). The grand average for the contralateral response to 4 kHz seems to show about equal magnitudes in response of (Fig. 1) , whereas as noted the results from individual cats tend to show biases for one or the other direction of frequency step. Preferences for upward or downward steps around 16 kHz were inconsistent. Given the generally greater ACC amplitudes in the contralateral hemisphere, we focused on that hemisphere for the quantitative analysis that follows. Figure 3 shows the peak-to-peak amplitudes for each cat as a function of magnitude of the frequency step; the values are P1 minus N1 for D-ACC and P1′ minus N1′ for A-ACC. The ACC was elicited in all animals in nearly all conditions, although the amplitudes varied considerably among individuals and conditions. The amplitudes of the ACCs generally increased with increasing magnitudes of frequency steps, although ACC amplitudes sometimes declined at the maximum stimulus steps, as seen for example in O04 (8 kHz, contralateral condition). In some conditions, the amplitude of the ACC grew consistently across most of the range of frequency steps tested, as in the A-ACC at 2 kHz (all animals) (Friedman test, χ 2 = 25, p G 1 * 10
) and the D-ACC at 4 kHz (cats A01, C02, and M03) (Friedman test, χ 2 = 25, p G 1 * 10 −6 ). In other conditions, the ACC amplitude rapidly reached a plateau, as did the A-ACC at 8 kHz. At 2 kHz, there was little or no D-ACC for any frequency step in any cat (Friedman test, χ 2 = 6.5, p = 0.39). Figure 4 shows the latencies of P1 and N1 peaks for the D-ACC and A-ACC. Across the five animals, latencies for P1 and N1 peaks relative to maximal downward steps averaged 24.2 and 67.3 ms, respectively, and latencies for P1′ and N1′ peaks averaged 28.7 and 67.2 ms relative to maximal upward steps. Latencies tended to vary widely among cats and among magnitudes of frequency steps. In some cases (e.g., 8 kHz, P1; N1′, 8 kHz), latencies for the widest frequency steps tended to converge around a mean value, whereas in other cases, there was considerable variation among cats even at the highest level (e.g., N1, 2 kHz).
The threshold for frequency discrimination by the ACC was estimated by calculating the sensitivity index, d′, for each cat for each frequency condition. The advantage of d′ for this analysis is that it incorporates both the mean and sweep-by-sweep variance in waveform amplitudes between stimulus conditions. Figure 5 plots d′ as a function of frequency step size for each cat for the responses recorded from the hemisphere contralateral to the ear stimulated. Values of d′ reached or surpassed the criterion of 1.0 for all cats at 2 and 8 kHz for the A-ACC and at 8 kHz for the D-ACC. Figure 6 shows thresholds for frequency discrimination, given by the smallest frequency step that produced d′ ≥ 1. In keeping with the observation of greater d′ for the D-ACC for the 4-kHz center The thresholds given by the d′ analysis of the ACCs were compared with thresholds from previously reported cat psychophysical experiments (Butler et al., 1957; Elliott et al., 1960; Igarashi et al., 1979b; Hienz et al., 1993; Brown et al., 2004) ; in those experiments, cats were trained to detect an increase in the frequency of a tone above a base frequency. For this comparison, we used the threshold calculated for the D-ACC at 4 kHz and for the A-ACC at the other frequencies. Each threshold is expressed here as a Weber fraction: the width of the threshold frequency step divided by the center frequency. In Fig. 7 , the x's show the Weber fraction calculated for each cat in our experiment, and the lines indicate mean behavioral data from published reports; the two^'s indicate instances in the present study in which d′ failed to reach the criterion of 1.0 at the greatest tested frequency step. Our results are in good agreement with those reported in most of the behavioral experiments, particularly at 8 kHz, where we observed minimal differences with the values reported by Elliott et al. 
Onset Response
Measurements of the ACC excluded the first sweep of each block of 301 sweeps, thereby excluding the onset response from the analysis. For that reason, onset responses were characterized in a separate set of measurements using 500-ms tone bursts followed by 
Level Discrimination
The ACC responses to changes in sound level were tested with increments and decrements in level centered on a decibel scale around 75 dB SPL (Table 2 ). The grand averages of the five cats tested for all the level steps are shown in Fig. 9 . Upper and lower rows of panels show responses to 4 and 8 kHz tones, respectively. Responses from each individual cat are displayed in Fig. 10 . Analogously to what was seen in the frequency discrimination experiment, a downward level step elicited a D-ACC consisting of a P1-N1 complex in the 10-to 100-ms epoch, and an upward level step elicited an A-ACC consisting of a P1′-N1′ complex in the 510-to 600-ms epoch. Additionally and again similarly to what was observed in the frequency discrimination experiment, the positive peak following N1 and N1′ was unreliable and was omitted from the analysis. The ACC amplitudes tended to grow with increases in the magnitude of the level step. Amplitudes were consistently greater in the contralateral than in the ipsilateral hemisphere at both frequencies tested (Wilcoxon signed-rank test, p values = 0.034, 0.039, 0.0039, and G 1 * 10 −6 at 2, 4, 8, and 16 kHz, respectively, after correcting for multiple comparisons), and in both hemispheres, A-ACCs were consistently greater than D-ACCs at both frequencies tested (Wilcoxon signed-rank test, p values = 0.00505 and 0.00032 at 4 and 8 kHz, respectively, in the ipsilateral hemisphere and p values = 0.00041 and p G 1 * 10 −6 at 4 and 8 kHz, respectively, in the contralateral hemisphere after correcting for multiple comparisons). That the A-ACC was greater than for the D-ACC for a level step in the 4-kHz tone was noteworthy in that it was the D-ACC that most often was greater in the case of a frequency step centered on 4 kHz.
Peak-to-peak amplitudes of ACCs recorded in the contralateral hemisphere for individual cats are shown in Fig. 11 . Consistent with the grand averages and the individual data shown in Figs. 9 and 10, ACC amplitudes were greater for the A-ACC than for the D-ACC at both frequencies (Wilcoxon signed-rank test, p values = 0.00041 and p G 1 * 10 −6 at 4 and 8 kHz, respectively). The A-ACC at 4 kHz grew monotonically with increasing level step in all cats across the range of steps that was tested (Friedman test, χ 2 = 23, p = 0.00001) whereas the A-ACC at 8 kHz peaked at a step of 3 dB for cats A01, M03, and T05. Cat M03's amplitude response was weak and the P1′-N1′ peaks were visible only at the 5-dB level change, as seen in Fig. 10 . Figure 12 shows the peak latency for the D-ACC and A-ACC. Latencies for the smallest level steps varied widely among cats, but tended to converge to a restricted range for the largest steps. Mean latencies for the largest level step, averaged across 4 and 8 kHz, were 26.3 ms for P1, 65.6 ms for N1, 25.7 ms for P1′, and 65 ms for N1′. Latencies tended to vary widely among cats and among magnitudes of frequency steps. In some cases (e.g., 8 kHz, P1; 4 kHz, N1′), latencies for the widest frequency steps tended to converge around a mean value, whereas in other cases, there was considerable variation among cats even at the highest level (e.g., 8 kHz, P1′). The values of d′ for level discrimination by the ACCs in the contralateral hemisphere in each cat are shown in Fig. 13 . In most cases, d′ for the D-ACC failed to reach the threshold criterion of d′ = 1 across the range of level steps that was tested. The plots of d′ for the A-ACC, in contrast, crossed the criterion line in every case, with the exception of cat M03 at 4 kHz. The d′ for A-ACC was significantly greater than the d′ for D-ACC for both frequencies tested (Wilcoxon signed-ranks, all p values G 1 * 10 −6 at both 4 and 8 kHz). The median level-step thresholds across the cats at 4 and 8 kHz were 2.6 and 1.5 dB, respectively, which was not a significant difference (Wilcoxon signed-ranks, Z = − 1.8, p = 0.13). These threshold values are consistent with the psychophysical thresholds reported by Elliott and McGee (1965) : average values in the range of 1.5 to 3.5 dB at 4 and 8 kHz. Igarashi et al. (1979a) reported a somewhat higher average level discrimination of 3.64 dB at 10 kHz.
Effect of Isoflurane on ACC
Isoflurane was tested as an example of a general anesthetic that might be used for invasive surgical procedures. The isoflurane was administered for inhalation at concentrations of 1.5 and 2.0 % in oxygen; no ketamine was present in those sessions. We attempted to record the ACC in two cats (A01 and O04) at a frequency step of 0.07 octaves around a center frequency of 8 kHz; that is the largest step that was tested in other sessions using sedation with ketamine and acepromazine. Figure 14 shows the waveform recorded with isoflurane vs waveforms recorded with the mixture of ketamine and acepromazine. No ACC could be recorded at an isoflurane level of 2 % in either cat or at a level of 1.5 % in cat O04; 1.5 % isoflurane did not provide adequate sedation for cat A01.
DISCUSSION
The results of this study demonstrate the feasibility of recording ACC from sedated cats. Thresholds for discrimination of the frequency and level of tones are in the range of published cat psychophysical thresholds, raising the possibility that the ACC could be used as an objective surrogate measure for perceptual tasks. The availability of an animal model for stimulus acuity will be useful for experimental models involving manipulation of an animal's history of hearing and deafness and for development of novel modes of stimulation that are not yet feasible for humans.
ACC in Sedated Cats Vs Awake Humans
We observed many similarities, and some differences, between the ACCs elicited in sedated cats and previously published reports of ACCs in awake humans. The two major peaks that we observed in sedated cats in the D-ACC (P1 and N1) and in the A-ACC (P1′ and N1′) (Chen & Small, 2015; Martin & Boothroyd, 2000; Martin, Boothroyd, Ali, & Leach-Berth, 2010) . Latencies for P1/P1′ and N1/N1′ in our cat data were around 24-29 and 66-67 ms, respectively, compared to~50 and~100 ms for P1 and N1 in humans. The shorter latencies in the cat might reflect the generally smaller dimensions of the cat brain compared to the human brain and/or the shorter intracranial portion of the cat's auditory nerve, which is about a tenth of that of the human (Moller et al., 1988) . The ACCs recorded in humans generally showed a fairly robust wave, P2, following N1 (Kohn et al., 1978; Martin and Boothroyd, 2000; Dimitrijevic et al., 2008; Martin et al., 2010) . The presumptive P2 in sedated cats, when present, tended to be small and inconsistent compared to P1 and N1. The relative weakness of P2 in our data might represent a differential suppressive effect of anesthesia on longer-latency auditory responses (Thornton et al., 1983; Savoia et al., 1988; Haenggi et al., 2004) . Cats and humans both show increases in ACC amplitudes with increasing widths of frequency steps. In humans, ACCs have been reported for frequency steps in continuous tones as narrow as 1 % (0.014 oct) (Arlinger et al., 1976) , although most studies have tested only wider steps. Threshold frequency steps were as narrow as 0.02 oct in our data set from sedated cats.
We observed some variation in the relative amplitudes of responses to ascending and descending frequency steps. In most instances ACCs were stronger in response to upward frequency steps around 2 and 8 kHz and stronger for downward steps around 4 kHz, but there was considerable variation among cats. At 16 kHz, we could not see a clear preference for either direction. The ACCs reported in human studies do not show a consistent preference for downward vs upward frequency steps (Arlinger et al., 1976; Kohn et al., 1978; Arlinger and Jerlvall, 1979; Martin et al., 2010) ; Tietze and Afontshenko (1978) showed a slight (4 %) preference for the upward frequency steps. Our tests of level steps showed a consistent preference for upward compared to downward steps. That agrees with the reported sensitivity to level steps in humans by Martin and Boothroyd (2000) .
The ACC elicited by frequency steps in the present study was most robust for steps around 8 kHz. That was evident in terms of generally highest ACC amplitudes (Fig. 3) , most consistently high d′ (Fig. 5) , and lowest thresholds (Fig. 6) . Moreover, of the two frequencies at which we tested level discrimination, the ACC was stronger at 8 kHz than at 4 kHz. The amplitude and reliability of the ACC declined at 16 kHz. We might have seen a stronger ACC at 16 kHz had we tested larger frequency steps. The largest steps that we tested were 0.07 oct, equivalent to a 5 % change in frequency. For comparison, studies of ACCs elicited by frequency steps in humans tested steps as large as 50 % or greater (Arlinger et al., 1976; Kohn et al., 1978; Tietze and Afontshenko, 1978; Dimitrijevic et al., 2008; Dimitrijevic et al., 2011) .We recorded fairly robust ACCs for center frequencies as low as 2 kHz, although at that frequency, the ACC was seen only in the A-ACC epoch, not in the D-ACC epoch. We have no compelling explanation for the finding of the most robust ACC around 8 kHz. We note that the most sensitive point in the cat's behavioral audiogram is around 8 kHz, although most reported cat audiograms vary over little more than 10 dB across the entire 2-to-16-kHz range of center frequencies in which we tested frequency and level discrimination (Neff and Hind, 1955; Elliott et al., 1960; Sokolovski, 1973; Heffner and Heffner, 1985) . Our 75-dB-SPL sound fields were well above audibility thresholds at any tested frequency. In humans, most studies of ACCs elicited by frequency steps have tested only a single or a limited range of base frequencies between 0.2 and 1.5 kHz (Kohn et al., 1978; Tietze and Afontshenko, 1978; Yingling and Nethercut, 1983; He et al., 2012) . Dimitrijevic et al. (2008) noted a preference for a base frequency of 0.25 compared to 4 kHz, and Arlinger et al. (1976) recorded greater ACC amplitudes for base frequencies of 0.5 to 2 kHz than for 0.25 or 4 kHz. The ACC responses in sedated cats were consistently stronger in the contralateral compared to the ipsilateral hemisphere (Fig. 2) . That observation accords with the contralateral preference of the majority of neurons studied in single-unit studies in the cat (Hall and Goldstein Jr, 1968; Stecker et al., 2005) and in scalp-recorded activity in humans (Pantev et al., 1986; Ross et al., 2005; Hine and Debener, 2007) .
